were M 18kOe =11.3kG, 4πM r =11kG, i H c >20kOe with a smooth demagnetization curve. We showed that the coating technique is more efficient than the mechanical blending of the anisotropic hard magnetic powder with Fe nanoparticles in terms of the magnetic coupling of the two magnetic phases.
I. INTRODUCTION
The most important criteria for efficient exchange coupling in nanocomposite permanent magnets are: (i) the size of soft magnetic phase should be scaled to double domain wall width of the hard magnetic phase [1] and (ii) soft magnetic phase should be uniformly distributed. So far, most of the efforts to obtain such hard / soft nanocomposite magnets followed "top down" metallurgical routes, i.e., development of the nanostructure through rapid solidification or high-energy mechanical milling. Both techniques provide certain degree of control over the microstructure, but they produce crystalographically isotropic materials with low maximum energy product (BH) max [2] . Recently, more attention has been given to the "bottom up" approach, which assembles composite material from anisotropic building blocks. There were a number of attempts [3] [4] [5] [6] [7] [8] to explore simple mechanical blending of Fe nanoparticles with more coarse anisotropic hard magnetic powders. Some of these efforts, in particular blending of the needle-shaped Fe particles with Sm-Co permanent magnet powder [7] , yielded fairly good magnetic properties. In general, however, mechanical blending of a relatively coarse powder with an ultra-fine one tends to result in agglomeration of the latter [5] and the consequent reduction in exchange coupling.
On the other hand, coating of hard magnetic particles with a layer of soft magnetic material may prevent agglomeration of the latter and allow better control over its size. Liu et al. [10] explored various coating techniques of depositing Fe on Nd-Fe-B particles subsequently subjected to consolidation and hot plastic deformation (die-upsetting) and reported significant improvement in (BH) max compared to the blending approach. Hadjinayis et al. [9] published results on the coating of Sm-Co particles with Co layers using electroless deposition.
This article presents our experimental results on the synthesis and properties of composite anisotropic hard magnetic Sm-Co / nano-Fe powders. These composite powders are candidate precursors for permanent magnets with enhanced magnetic performance for high temperature applications.
II. EXPERIMENT
Composite Sm-Co / nano-Fe powders were synthesized by depositing Fe nanoparticles on anisotropic Sm(Co 0.699 Fe 0.213 Cu 0.064 Zr 0.024 ) 7.4 hard magnetic powder. The hard magnetic powders were produced by jet milling the consolidated aligned magnets. The magnets were not magnetized and the average particle size after jet milling was 21 µm. The Fe nanoparticles synthesis employed wet chemistry according to the reaction:
The hard magnetic powder was immersed in the reaction solution and acted as a substrate onto which the Fe nanoparticles formed and deposited. The amount of nanoparticle coating was modified by varying the time allowed for the reaction (i.e. 33 s and 180 s) and the mass fraction of FeCl 2 to Sm-Co powders while keeping the molar ratio of the reaction reagents FeCl 2 : NaBH 4 at the optimal 1.7:1 for nanoparticle saturation magnetization [11] . The experiments were done under different reaction protocols:
immersion of hard magnetic powder in each of the reagent solutions and (ii) microemulsion (micelle) technique by using Si oil [12] . An idealized sketch of the core powder coated with
Fe nanoparticles through these deposition processes is given in Figure 1 . After the reaction ceased, the powders were collected with a magnet, washed and sieved to remove unwanted by-products and free nanoparticles.
The composite powders were characterized by X-ray diffraction (XRD) using the CuKα radiation, scanning electron microscopy (SEM) with a JEOL JSM-6330F instrument equipped with an EDX detector, and magnetic measurements with a Lakeshore vibrating sample magnetometer (VSM). Alignment and magnetization of the uncoated and composite powder was done by using pulse magnetizers with an applied field of 100 kOe. The magnetic measurements (hysteresis) were performed on powders aligned and fixed in wax by using a demagnetization factor of 0.12, derived from previous measurements on Ni powder. The magnetization values in kG unit were calculated considering the ideal density.
III. RESULTS AND DISCUSSION
Our approach in producing composite Sm-Co / nano-Fe powders utilizes the Fe- 
